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ABSTRACT The ongoing COVID-19 pandemic urges searches for antiviral agents that
can block infection or ameliorate its symptoms. Using dissimilar search strategies for
new antivirals will improve our overall chances of finding effective treatments. Here, we
have established an experimental platform for screening of small molecule inhibitors of
the SARS-CoV-2 main protease in Saccharomyces cerevisiae cells, genetically engineered
to enhance cellular uptake of small molecules in the environment. The system consists
of a fusion of the Escherichia coli toxin MazF and its antitoxin MazE, with insertion of a
protease cleavage site in the linker peptide connecting the MazE and MazF moieties.
Expression of the viral protease confers cleavage of the MazEF fusion, releasing the
MazF toxin from its antitoxin, resulting in growth inhibition. In the presence of a small
molecule inhibiting the protease, cleavage is blocked and the MazF toxin remains inhib-
ited, promoting growth. The system thus allows positive selection for inhibitors. The
engineered yeast strain is tagged with a fluorescent marker protein, allowing precise
monitoring of its growth in the presence or absence of inhibitor. We detect an estab-
lished main protease inhibitor by a robust growth increase, discernible down to 1 uM.
The system is suitable for robotized large-scale screens. It allows in vivo evaluation of
drug candidates and is rapidly adaptable for new variants of the protease with deviant
site specificities.

IMPORTANCE The COVID-19 pandemic may continue for several years before vaccina-
tion campaigns can put an end to it globally. Thus, the need for discovery of new
antiviral drug candidates will remain. We have engineered a system in yeast cells for
the detection of small molecule inhibitors of one attractive drug target of SARS-CoV-2,
its main protease, which is required for viral replication. The ability to detect inhibitors
in live cells brings the advantage that only compounds capable of entering the cell and
remain stable there will score in the system. Moreover, because of its design in yeast
cells, the system is rapidly adaptable for tuning the detection level and eventual modifi-
cation of the protease cleavage site in the case of future mutant variants of the SARS-
CoV-2 main protease or even for other proteases.

KEYWORDS COVID-19, small molecules, Saccharomyces cerevisiae, genetic engineering,
MazF toxin, SARS-CoV-2, antiviral agents, genetic selection system

he COVID-19 pandemic caused by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) has been underway for a year and a half. Despite unparalleled suc-
cesses in vaccine development and the rollout of vaccination programs, it is uncertain
when these efforts will be sufficient to quell the outbreak in the face of arising mutant
virus strains. For the foreseeable future, the need for antiviral drugs and treatment for
COVID-19 remains. The initial attempts at drug discovery have been dominated by
repurposing antiviral and other drugs. Previous experience of discovery and the devel-
opment of antiviral drugs against coronaviruses is limited. The SARS epidemic in 2003,
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as well as the outbreak of Middle East respiratory syndrome (MERS) in 2012, did spur
some early drug discovery efforts (1-3). However, none of those efforts have been fur-
ther developed into clinically approved antiviral drugs. Given the similarity between
the coronaviruses MERS-CoV, SARS-CoV-1, and SARS-CoV-2, it is likely that an antiviral
drug effective against any of the first two could also be effective against SARS-CoV-2.
This argues that continued research through multiple avenues on new antiviral drug
candidates targeting SARS-CoV-2 will be warranted for the next several years.

The coronavirus main protease (Mpro; also known as poliovirus 3C-like protease
[3CL pro]) cleaves the viral polyprotein at 11 sites into its individual functional protein
products and is essential for the virus to replicate. It is recognized as a suitable target
by virtue of its critical role in viral propagation, and by the well-explored druggability
of proteases. There are no human host cell proteases structurally related to SARS-CoV-
2 Mpro, and no human protease shares its strong preference for cleaving C-terminally
of a glutamine. In contrast, the SARS-CoV-2 papain-like protease—also an antiviral tar-
get candidate—is expected to have overlapping substrate and inhibitor sensitivity pro-
file with host cell deubiquitinases (4).

The crystal structure of Mpro has been determined (5), opening up for structure-based
drug discovery. However, it has been argued that the dynamic properties of SARS-CoV-2
Mpro, in particular through flexible regions near the catalytic active site, make it a more
difficult target for rational drug discovery than the SARS-CoV-1 Mpro (6).

An in vivo assay of candidate inhibitors designed to act intracellularly confers the
advantage that only molecules able to be efficiently taken up by cells and remain sta-
ble in the intracellular environment will score in the assay. Testing of candidate mole-
cules in assays with purified enzyme in vitro is sensitive to buffer conditions, such as
recently demonstrated for putative SARS-CoV-2 Mpro inhibitors tested in a variety of in
vitro assays, where the apparent inhibition was obliterated by the restoration of a
reducing environment (7). Using yeast (Saccharomyces cerevisiae) gives access to a ver-
satile platform for precise and rapid genetic engineering of intracellular testing sys-
tems. Genetic screens in yeast have previously identified small molecule inhibitors to,
e.g., HIV-1 protease (8), SARS-CoV-1 papain-like protease (9), and SARS-CoV-1 mRNA
cap-methyltransferase (10).

Here, we have constructed a yeast strain expressing a synthetic fusion protein, which
upon cleavage by a protease releases a bacterial toxin moiety capable of inhibiting growth
of the yeast strain. In the same strain, SARS-CoV-2 Mpro is expressed, and its recognition
site is inserted in the fusion protein, making cell growth negatively regulated by the Mpro
activity level, but stimulated by Mpro inhibitors (Fig. 1). The yeast strain genetic back-
ground is sensitized to external molecules by inactivation of membrane-bound transport-
ers. We demonstrate detection of an established Mpro inhibitor by growth promotion of
engineered yeast cells, in concentrations down to 1 M. The system is suited for physical
screening in robotized setups that allow controlled growth of yeast cells in microtiter for-
mat and measurement of fluorescence intensity. The design enables rapid upgrades of the
protease recognition site according to eventual future mutant variants of the virus.

RESULTS

Construction of a genetic trap in yeast. The E. coli toxin MazF is a single-strand
endoribonuclease that cleaves mRNA at 5'-ACA-3’ sequences (11). When expressed in
either a prokaryotic or eukaryotic cell, it arrests growth or kills that cell, depending on
the expression level. MazF is a component of a chromosomally encoded toxin/anti-
toxin system in E. coli, the other component being MazE, a protein binding to and in-
hibiting MazF. MazE has a much shorter turnover time than MazF, requiring the cell to
continuously synthesize MazE to maintain viability (12).

It has previously been demonstrated that a synthetic protein fusion of a C-terminal
fragment of MazE to MazF resulted in a chimeric protein with inhibition of MazF activ-
ity, permitting cell survival and growth also at high expression levels (13). Insertion of a
protease site in the added linker sequence connecting the two protein moieties permit
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FIG 1 Principle of the genetic selection system. (A) Situation without Mpro inhibitor. SARS-CoV-2 Mpro is active and cuts
the inactive MazEF fusion protein at the synthetic Mpro cleavage site in the linker region connecting the MazF (toxin) and
MazE (toxin inhibitor) moieties, releasing active MazF. The RNase activity of MazF can then exert its toxic effect by
degrading cellular RNAs, thus preventing growth of the cells carrying the construct. The output signal from the red
fluorescent protein tag in these cells will be weak. (B) Situation with Mpro inhibitor. The activity of SARS-CoV-Mpro is
reduced, and the inactive MazEF fusion stays mostly intact. The toxic RNase activity will be reduced, and these cells can
grow faster, resulting in a stronger fluorescent signal output.

release of fully active MazF upon expression of the protease and cleavage of the linker
peptide (13). To exploit these findings for creation of a genetic selection system in S.
cerevisiae, we generated a chimeric construct (MazEF) with the Mpro cleavage site in
the linker. Specifically, the construct contained the 41 C-terminal amino acid residues
Leu42 to Trp81 of MazE with an added ATG codon preceding the Leu42 codon, fol-
lowed by a GGVKLQSGS amino acid linker sequence containing the Mpro cleavage site
VKLQS, joint N-terminally to the full amino acid sequence of MazF. The entire coding
region was modified using silent mutations, making it devoid of ACA sequences to
reduce cleavage of MazF mRNA. The coding sequence of this fusion was put under
transcriptional control of the MET3 promoter in a pCM188 (14) backbone or under the
control of the GALT promoter in the same backbone in order to achieve two ranges of
expression, weak and strong, respectively (Table 1).

TABLE 1 Strains and plasmids used in this study

mSystems’

Strain or plasmid Relevant genotype/selection Comment

Source or reference

Strains

1352-Y13363 MATa his3A1 leu2A0 met15A0 ura3A0 pdr1:: Parent strain for construction
NatMX pdr3::KL.URA3 snq2A::KI.LEU2
1352-Y13363 pdr3:MET17

1352-Y13363 pdr3:MET17+Mpro

HA_SC_1352control
HA_SC_Met17_Mpro

Control strain without Mpro
Strain expressing Mpro

Plasmids

PSMv3-GAL URA3 Toxin-antitoxin fusion driven by
GALT promoter

pCM188-MET3 URA3 Empty vector, MET3 promoter

PSMv4 URA3 Toxin-antitoxin fusion driven by
MET3 promoter

YEP_CHERRY_HIS3 HIS3 Plasmid expressing mCherry

HA_SC_1352control_RED 1352-Y13363 pdr3:MET17 his3AT:: Control strain expressing mCherry

HIS3+mCHERRY

HA_SC_Met17_Mpro_RED

1352-Y13363 pdr3:MET17+Mpro his3A1::
HIS3+mCHERRY

Strain expressing Mpro and mCherry

Cleslei Zanelli

This study
This study

This study

This study
This study

23
This study

This study
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FIG 2 Titration of methionine concentration with a yeast strain expressing Mpro and MazEF chimera (strain
HA_SC_Met17_Mpro carrying PSMv4) in the presence or absence of GC376. Growth measurements were
obtained using the Bioscreen C reader, with the starting absorbance adjusted to 0 (mean = SE, n = 3). (A) Cell

cultures were grown in SD medium without uracil (SD-ura) and with various concentrations of m
from 350 uM to 0 uM (see the legend). (B) Same conditions as for panel A but treated with the
inhibitor GC376 (50 wM).

The genetic background for strain constructions was S. cerevisiae strain 1352-
Y13363 (Table 1). It carries null alleles of PDR1 and PDR3, encoding transcriptional regu-
lators of a large number of ABC transporters exporting small molecules from the cell,
and of SNQ2, which encodes an ABC exporter protein important for detoxification (15).
This triple mutation greatly increases the number of compounds to which yeast cells
are sensitive, without compromising vigor (16). In this strain, the Kluyveromyces lactis
URA3 marker disrupting the PDR3 locus was first replaced by S. cerevisiae MET17 to cre-
ate the control strain and allow methionine repressible expression from the MET3 pro-
moter (17) by restoring methionine prototrophy. The Mpro-expressing strain was con-
structed by ligating a synthetic fragment carrying Mpro under the control of the Pichia
GAP promoter with MET17 and integrating in the PDR3 locus (see Text S1 in the supple-
mental material). The strains were tagged with the red-fluorescent mCherry marker
under the control of the constitutive TDH3 promoter, which was integrated into the
HIS3 locus. Full strain construction details are given in Text S1.

Responsiveness of engineered strains to the GC376 protease inhibitor. We wanted
to evaluate the engineered yeast strains for their usefulness as a testing platform for
potential Mpro inhibitors. To do this, we tested the impact of expressing MazEF at dif-
ferent levels in the presence of Mpro and of externally added small molecules.

GC376 is a broad-spectrum antiviral molecule active against 3CL-like proteases
from coronaviruses (18) which has been used to treat feline infectious peritonitis (19).
GC376 is a prodrug and was recently shown to be effective against SARS-CoV-2 Mpro
in vitro (20, 21) and against SARS-CoV-2 in human cell culture (21, 22). We chose this
compound as a positive control for an Mpro inhibitor to titrate the growth response.

We first investigated a strain expressing the MazEF chimera from the GALT pro-
moter and Mpro from the Pichia GAP promoter (see Text S1). However, the addition of
CG376 even at 100 uM only marginally improved growth in inducing galactose me-
dium (see Fig. S1). We concluded that expression of the MazEF toxin fusion protein
from the strong GALT promoter in the presence of Mpro was too detrimental to be
overcome by protease inhibitors. Thus, this expression system is impractical for screen-
ing purposes.

Reasoning that we needed weaker and regulatable expression of the toxin chimera,
we next examined the behavior of strains expressing Mpro from the Pichia GAP pro-
moter and the toxin chimera from the MET3 promoter in various methionine concen-
trations. As seen in Fig. 2A, growth of the strain expressing both Mpro and MazEF is
increasingly depressed by lower methionine concentrations in the range below
350 wM. This is expected since MET3 is negatively regulated by methionine (17). In
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FIG 3 Titration of inhibitor GC376. Growth measurements were obtained as in Fig. 2 (mean * SE, n = 3).
Cell cultures were grown in SD-ura and 7.5 wM methionine and various concentrations of GC376 (see
legend). (A) Strain HA_SC_Met17_Mpro carrying PSMv4 expressing Mpro and MazEF chimera. (B) Strain
HA_SC_Met17_Mpro expressing Mpro (EV; empty vector). (C) Strain HA_SC_1352control carrying PSMv4
expressing the MazEF chimera only. (D) Control strain HA_SC_1352control with empty vector.

contrast, the growth of strains expressing only Mpro, only MazEF, or neither is not sig-
nificantly affected by the methionine concentration (see Fig. S2, left column). This indi-
cates that the negative impact of expression of Mpro alone in yeast cells is negligible
under these conditions and that MazEF is inactive and not cleaved to release active
MazF in the absence of Mpro, in line with the results with MazEF expression from the
GALT promoter (see Fig. S1).

To achieve maximal separation between cells exposed to an Mpro inhibitor, we
then grew cells expressing MazEF and Mpro in increasing methionine concentrations
up to 350 uM and compared growth with or without GC376 at 50 uM (Fig. 2B). As
expected, if GC376 inhibits Mpro and therefore prevents cleavage of MazEF, releasing
toxic MazF, growth was improved by the presence of GC376. The best absolute separa-
tion was seen at 7.5 to 15 wM methionine. To verify that the improved growth was
indeed due to decreased Mpro activity, we then exposed cells to a range of GC376
concentrations up to 100 M, maintaining a fixed methionine concentration of 7.5 wM.
GC376 at 50 uM did enhance growth of the strain expressing both Mpro and MazEF
(Fig. 2B and 3A), but as expected had no effect on growth of any of the strains lacking
Mpro, MazEF, or both (see Fig. S2 and S3). Finally, we wanted to determine whether
lower inhibitor concentrations than 50 M could also be detected with strains carrying
the mCherry fluorescent marker. With methionine at 10 uM or lower, we could discrim-
inate the effect of GC376 down to 10 wM (yield ratio = 1.57, standard error [SE] = 0.02,
n = 16, P < 2.2E-16; see Fig. S4). This also demonstrates that tagging cells with
mCherry did not cause a noticeable change in their response to methionine or GC376
concentration (Fig. 3; see also Fig. S3).
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FIG 4 Growth of mCherry-tagged strain expressing Mpro and MazEF chimera in the presence of different candidate protease inhibitors. Strain
HA_SC_Met17_Mpro_RED carrying PSMv4 was used. Growth measurements (fluorescence and absorbance) were obtained using the Eve robot (see
Materials and Methods), with the starting measurement adjusted to 0 (mean * SE, n = 16). RFU, relative fluorescence units. Cell cultures were grown in
SD-ura and 15 uM methionine; 1.25% DMSO; and 0, 10, and 30 uM concentrations of the respective compound to be tested (see the legend).

Measuring impact of candidate protease inhibitors on strains using a fluorescence
readout. Having tuned the expression levels of the MazEF chimera from the MET3 pro-
moter to achieve a robust impact on growth by the inhibitor GC376, we wanted to test
the screening system in a robotized platform suitable for screening of large compound
libraries. Quantifying growth as the fluorescence of a genetically tagged marker pro-
tein potentially offers better signal-to-noise ratios than using the optical density (OD).
Thus, we monitored the growth of a strain expressing MazEF and Mpro and, in addition
tagged with mCherry, in a robotic platform allowing automated growth monitoring of
thousands of samples simultaneously and regular fluorescence readings (23).

Besides GC376, we exposed the strain to other compounds implicated by different
criteria as potential Mpro inhibitors. Boceprevir is a clinically approved human hepatitis
C virus N53 protease inhibitor, showing activity against SARS-CoV-2 Mpro in cultured
human cells (22). TDZD-8, originally characterized as an inhibitor of glycogen synthase
kinase B (GSK3-p), scored as a SARS-CoV-2 Mpro inhibitor in an in vitro assay but was
subsequently dismissed as a false positive because of its aggregation properties (24).
Efonidipine and lercanidipine are Ca?* channel blockers found as hits in an in silico
screen for SARS-CoV-2 Mpro inhibitors and also active in an in vitro enzymatic assay
(25). Glycyrrhizic acid at high concentrations blocks SARS-CoV-2 replication in cell cul-
ture and inhibits Mpro in an in vitro assay (26). Compounds were applied at 10 and
30 uM. We adjusted the methionine concentration to 15 wM to avoid a gradual
increase in toxicity caused by methionine consumption toward the end of the run, as
can be seen in Fig. 3A at 10 uM.

In Fig. 4A we see that, based on the fluorescence readings in this setting, the
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TABLE 2 Signal discrimination for detection of the Mpro inhibitor (GC376)*

Fluorescence ODgq0

Concn (uM) n Ratio SE Ratio SE i
After 20 h

1 16 1.14 0.03 ND 7.0E-3

10 16 1.57 0.02 1.22 0.03 2.1E-11

30 20 2.28 0.03 1.61 0.03 2.2E-16
After 65 h

1 16 1.06 0.07 ND 0.5

10 16 1.20 0.02 1.19 0.03 0.64

30 20 1.49 0.02 1.55 0.03 0.068

aCalculated as the ratio of yield compared to controls without inhibitor.
bWelsh two-sample t test comparing yield ratios measured by fluorescence.

growth-promoting effect of CG376 on the tester strain is dose dependent and obvious
also at 10 M. This demonstrates that the system works well also in a setting with lim-
ited aeration and fluorescence-based monitoring of growth. For the other compounds,
no positive effect is seen at any concentration. TDZD-8 instead displayed a negative
impact on growth (Fig. 4F). The rest of the compounds tested—boceprevir, efonidi-
pine, glycyrrhic acid, and lercanidipine—did not impact growth (Fig. 4). The OD read-
ings, which were obtained simultaneously, closely paralleled the fluorescence values.
As seen in Table 2, the discrimination for the tester strain between treatment with
GC376 and no treatment was best for fluorescence readings at 20 h for both 10 and 30
uM inhibitor (ratios 1.59 and 2.28, respectively). This is better than what was achieved
with the reading OD (ratios 1.22 and 1.61). In order to examine the lower detection
limit, we further tested GC376 and boceprevir at 1 and 3 uM. A discernible growth
enhancement around 20 h was observed with GC376 down to 1T uM (Fig. 5A), which is
also statistically significant (Table 2). For boceprevir, no effect at 20 h could be seen
even at 200 uM; however, a moderate stimulation was observed at 100 and 200 uM to-
ward the end of the experiment (Fig. 5B). This indicates that the previously observed
lack of effect at 20 h by boceprevir was not a question of insufficient dosage; however,
some minor activity may account for the late effect.

DISCUSSION

We have created an experimental system for physical screening of candidate inhibi-
tors of SARS-CoV-2 Mpro in yeast cells. We demonstrate that it can be used to detect
with good confidence a known Mpro inhibitor at concentrations down to 1 wM. This
sensitivity compares favorably or equally to several systems based on mammalian cells
(7,18, 20, 21). The growth of control strains lacking MazEF, Mpro, or both is unaffected
by the inhibitor, showing the specificity of the assay. The system is suitable for screen-
ing of chemical libraries in a robot platform capable of cultivating large numbers of
yeast cells in controlled conditions with regular monitoring of fluorescence. Using a flu-
orescent readout provides increased sensitivity over the optical density reading, since
the background signal is decreased and issues such as cell clumping or inhomogene-
ities in the culture medium do not affect the output signal.

The dynamics of the effects on growth in this system are determined by the two
players, MazEF and Mpro. At the onset of an experimental cycle, MazEF expression is
kept low by the high methionine concentration in the preculture medium, while both
Mpro and mCherry are expressed at high constitutive levels. On transfer to the culture
medium, the external methionine concentration drops, and transcription of MazEF
from the MET3 promoter starts to rise. The toxic effect of active MazF is to degrade cel-
lular RNAs. To minimize any complications from MazF cleaving its own mRNA, we engi-
neered the coding region of MazF to lack ACA sequences. In the mRNA encoding
Mpro, ACA sequences were left intact, however. By expressing Mpro from the strong
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FIG 5 Titration of GC376 and Boceprevir over wider concentration ranges. The same yeast strain, culture conditions,

and growth measurements (fluorescence), and statistics were used described as for Fig. 4. GC376 was tested at 0, 1, 3,

10, 30, and 100 uM; boceprevir was tested at 0, 1, 3, 10, 30, 100, and 200 M.

constitutive Pichia GAP promoter, we ensure that enough protease is present at the
time MazEF production starts to increase through the gradual reduction of methionine
in the medium from the experiment onset. Beside its intended target in the MazEF syn-
thetic linker, Mpro can cleave endogenous yeast proteins. The consensus protease
cleavage site profile of SARS-CoV-2 Mpro comprises the sequence [A/S/TILQ[A/S/G] (4,
27), and there are 136 potential Mpro cleavage sites in the yeast proteome (see
Table S2). There is a slight negative impact of expressing Mpro alone in yeast cells (see
Fig. S5), as expected from cleavage of the cellular proteins. However, the expression of
MazEF had no effect on growth in the absence of Mpro (see Fig. S2 and S3). This indi-
cates that there is no background cleavage of MazEF by yeast proteases.

We also observed that starting the experiment at a low culture density (ODgo, <
0.1), such as presented here, works well for detecting Mpro inhibitors. A higher density
of the preculture results in reduced sensitivity to the inhibitor, presumably because
not enough MazF accumulates before the culture approaches stationary phase for it to
significantly affect growth.

In the present system, GC376 gave a strong and specific signal as an Mpro inhibitor.
Other molecules previously reported by various criteria to be Mpro inhibitors did not
score, in the case of boceprevir not even at 200 uM. There are several possible explana-
tions for this. First, the previous evidence from, e.g., an in vitro assay, could be mislead-
ing, as exemplified by aggregation-prone TDZD-8 (20). Another reason why a small
molecule inhibitor may fail to show as a hit in this assay is insufficient cellular uptake.
Yeast cells have multiple membrane-bound proteins, notably ABC transporters, which
extrude exogenous molecules from the cell. Several attempts have been made to di-
minish this effect of transporters in order to sensitize yeast to small molecules, a key
issue for chemical genomics and drug screening in yeast (28). A strain lacking all 16 ABC
transporters has been generated (29), and a nine-tuple deletion strain lacking genes
encoding transporters and transcription factors controlling similar genes displayed
increased sensitivity to various compounds from ca. 2- to 200-fold (15). However, this strain
has poor vigor, and it was later found that most of its sensitivity can be recovered by
retaining only the pdr1A pdr3A snq2A gene deletions, which leaves the strain with robust
growth properties (16). Here, we use this triple-deletion strain background, which should
provide a higher sensitivity to small molecules and a higher scoring rate than in previous
screens using the same physical cultivation and reading system and the same fluorescent
marker, where only the pdr5A deletion was used to sensitize the yeast tester strain (23, 30,
31). Nevertheless, many compounds will not penetrate into the yeast cells and fail to score
for that reason. Finally, inhibitors with general toxicity will not score in this assay system
since the depression of growth will cancel out the positive signal from decreased protease
activity. On the other hand, general toxicity is obviously to be avoided in this context. The
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negative impact by TDZD-8 (Fig. 4F) could be due to general toxicity or to the compound
inhibiting the yeast homologs of GSK3-3: Rim11, Mck1, Mrk1, and Ygk3 (32).

The setup is suitable for settings with robotic handling of samples at microtiter
plate scale. The ability to continuously read the fluorescence and optical density of cul-
tures during an entire growth cycle, with the ability to oxygenate the culture wells by
shaking, is important to obtain reliable results. In a longer perspective, this setup may
be modified to target other proteases by exchanging the protease cleavage site in
the linker of the fusion protein. The concept is general but has some constraints.
First, the consensus cleavage site of the protease has to be known with sufficient
accuracy. Second, the protease has to be capable of acting in an environment
where the fusion protein is accessible to attack, e.g., not in the interior channel of a
proteasome.

In summary, we describe a functional in vivo screening system capable of identify-
ing candidate inhibitors of SARS-CoV-2 Mpro. Being a cellular assay, it selects for mole-
cules with high bioavailability while avoiding some pitfalls of in vitro environments. At
the same time, it is performed in a safe laboratory setting, without virus particles. It is
versatile in that it can be adapted to target other proteases, benefitting from the facile
genetic engineering of S. cerevisiae. The system has been tuned to detect an inhibitor
down to 1 uM using a positive selection mode. Importantly, this avoids the false posi-
tives in a negative selection mode, where compounds with general toxicity would
score as hits.

MATERIALS AND METHODS

Construction of plasmids and yeast strains. Details of the construction of each strain and plas-
mid are presented in Text S1, along with the full plasmid sequences. Primer sequences are given in
Table S1.

Candidate protease inhibitor compounds. Boceprevir, GC376, TDZD-8, lercanidipine hydrochlor-
ide, efonidipine hydrochloride monoethanolate, and glycyrrhizic acid ammonium salt from Glycyrrhiza
root were purchased from Sigma. Stocks of all the compounds were made in dimethyl sulfoxide (DMSO)
at a concentration of 20 mM and stored frozen at —80°C.

Culture conditions. S. cerevisiae strains and plasmids used are listed in Table 1. YPD (2% glucose,
2% peptone, and 1% yeast extract) was used for routine culturing of strains not carrying plasmids.
Synthetic defined (SD) medium (0.19% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, and
0.077% Complete Supplement Mixture [CSM; ForMedium]) with appropriate dropout was used for rou-
tine culturing of strains carrying plasmids and for Bioscreen C (Labsystems Oy) phenotyping (uracil drop-
out with various concentrations of methionine). Liquid cultures were grown in a rotary shaker at 30°C at
200 rpm.

Phenotypic analysis in Bioscreen. Unless stated otherwise, overnight cultures were made in SD
lacking uracil (SD-ura) containing 350 M methionine and maintained at exponential growth phase.
Before the start of experiment, the medium was removed, and the pellet resuspended in SD-ura-
met to a final ODy,, of 1.0. Subsequently the cultures were diluted to an ODy,, of 0.1 into 100-well
honeycomb plates (Labsystems Oy) prealiquoted with the appropriate media using an Opentrons
OT2 robot to carry out both the dilution and the medium dispensing. Strains were cultivated for 3
days with the low shaking setting at 30°C with 20-min measurement intervals using a wide band fil-
ter (450 to 600 nm).

Phenotypic analysis in robot Eve. Overnight cultures were grown and maintained as described
above. Before the start of experiment, medium was removed, and the pellet was resuspended in SD-ura
containing 15 M methionine to an ODq,, of 0.1. Within the automated workstation, the culture was ali-
quoted into a Greiner 384-well black plate with a clear bottom using a Thermo Combi Multidrop, and
chemical compounds were transferred to the assay plate using the Bravo Liquid Handling platform to a
final concentration of 10 or 30 wM for each compound (final DMSO concentration, 1.25%) and a final vol-
ume of 80 ul. Cells were incubated, and their growth was monitored essentially as described previously
(23). Growth was stationary at 30°C, except at each 20-min interval, and samples were circularly agitated
at 1,000 rpm for 10 s, followed by 10 s in the opposite direction. A read-and-incubate cycle was per-
formed using the Overlord automation system to determine growth at 20-min intervals for 64 h.
Fluorescence (580-nm excitation/612-nm emission) and OD,,, measurements were obtained with a BMG
Polarstar plate reader.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.03 MB.
FIG S1, PDF file, 0.2 MB.
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FIG S2, PDF file, 1 MB.

FIG S3, PDF file, 0.8 MB.

FIG S4, PDF file, 0.4 MB.

FIG S5, PDF file, 0.2 MB.
TABLE S1, DOCX file, 0.01 MB.
TABLE S2, XLSX file, 0.02 MB.

ACKNOWLEDGMENT
This study was supported by a grant from the Swedish Research Council (2020-05738).

REFERENCES

1.

November/December 2021

Baez-Santos YM, St John SE, Mesecar AD. 2015. The SARS-coronavirus pa-
pain-like protease: structure, function, and inhibition by designed antivi-
ral compounds. Antiviral Res 115:21-38. https://doi.org/10.1016/j.antiviral
.2014.12.015.

. Adedeji AO, Sarafianos SG. 2014. Antiviral drugs specific for coronaviruses

in preclinical development. Curr Opin Virol 8:45-53. https://doi.org/10
.1016/j.coviro.2014.06.002.

. Yang S, Chen SJ, Hsu MF, Wu JD, Tseng CT, Liu YF, Chen HC, Kuo CW, Wu

CS, Chang LW, Chen WC, Liao SY, Chang TY, Hung HH, Shr HL, Liu CY,
Huang YA, Chang LY, Hsu JC, Peters CJ, Wang AH, Hsu MC. 2006. Synthe-
sis, crystal structure, structure-activity relationships, and antiviral activity
of a potent SARS coronavirus 3CL protease inhibitor. J Med Chem 49:
4971-4980. https://doi.org/10.1021/jm0603926.

. Ullrich S, Nitsche C. 2020. The SARS-CoV-2 main protease as drug target.

Bioorgan Med Chem Lett 30:127377. https://doi.org/10.1016/j.bmcl.2020
127377.

. Zhang L, Lin D, Sun X, Curth U, Drosten C, Sauerhering L, Becker S, Rox K,

Hilgenfeld R. 2020. Crystal structure of SARS-CoV-2 main protease pro-
vides a basis for design of improved alpha-ketoamide inhibitors. Science
368:409-412. https://doi.org/10.1126/science.abb3405.

. Bzowka M, Mitusinska K, Raczynska A, Samol A, Tuszynski JA, Géra A.

2020. Structural and evolutionary analysis indicate that the SARS-CoV-2
Mpro is a challenging target for small-molecule inhibitor design. Int J Mol
Sci 21:3099. https://doi.org/10.3390/ijms21093099.

. Ma C, Hu Y, Townsend JA, Lagarias Pl, Marty MT, Kolocouris A, Wang J.

2020. Ebselen, disulfiram, carmofur, PX-12, tideglusib, and shikonin are
nonspecific promiscuous SARS-CoV-2 main protease inhibitors. ACS Phar-
macol Transl Sci 3:1265-1277. https://doi.org/10.1021/acsptsci.0c00130.

. Ravaux |, Perrin-East C, Attias C, Cottalorda J, Durant J, Dellamonica P,

Gluschankof P, Stein A, Tamalet C. 2014. Yeast cells as a tool for analysis of
HIV-1 protease susceptibility to protease inhibitors, a comparative study. J
Virol Methods 195:180-184. https://doi.org/10.1016/j jviromet.2013.08.019.

. Frieman M, Basu D, Matthews K, Taylor J, Jones G, Pickles R, Baric R, Engel

DA. 2011. Yeast based small molecule screen for inhibitors of SARS-CoV.
PL0S One 6:€28479. https://doi.org/10.1371/journal.pone.0028479.

. Sun'Y, Wang Z, Tao J, Wang Y, Wu A, Yang Z, Wang K, Shi L, Chen Y, Guo

D. 2014. Yeast-based assays for the high-throughput screening of inhibi-
tors of coronavirus RNA cap guanine-N’-methyltransferase. Antiviral Res
104:156—-164. https://doi.org/10.1016/j.antiviral.2014.02.002.

. Zhang Y, Zhang J, Hoeflich KP, lkura M, Qing G, Inouye M. 2003. MazF cleaves

cellular mRNAs specifically at ACA to block protein synthesis in Escherichia
coli. Mol Cell 12:913-923. https://doi.org/10.1016/51097-2765(03)00402-7.

. Aizenman E, Engelberg-Kulka H, Glaser G. 1996. An Escherichia coli chromo-

somal “addiction module” regulated by guanosine [corrected] 3',5-bispyro-
phosphate: a model for programmed bacterial cell death. Proc Natl Acad Sci
U S A 93:6059-6063. https://doi.org/10.1073/pnas.93.12.6059.

. Park JH, Yamaguchi Y, Inouye M. 2012. Intramolecular regulation of the

sequence-specific mRNA interferase activity of MazF fused to a MazE frag-
ment with a linker cleavable by specific proteases. Appl Environ Microbiol
78:3794-3799. https://doi.org/10.1128/AEM.00364-12.

. Gari E, Piedrafita L, Aldea M, Herrero E. 1997. A set of vectors with a tetracy-

cline-regulatable promoter system for modulated gene expression in Sac-
charomyces cerevisiae. Yeast 13:837-848. https://doi.org/10.1002/(SICI)1097
-0061(199707)13:9<837:AID-YEA145>3.0.CO;2-T.

. Rogers B, Decottignies A, Kolaczkowski M, Carvajal E, Balzi E, Goffeau A.

2001. The pleitropic drug ABC transporters from Saccharomyces cerevi-
siae. J Mol Microbiol Biotechnol 3:207-214.

Volume 6 Issue6 e01087-21

20.

21.

22.

23.

24,

25.

26.

27.

mSystems’

. Piotrowski JS, Li SC, Deshpande R, Simpkins SW, Nelson J, Yashiroda Y,

Barber JM, Safizadeh H, Wilson E, Okada H, Gebre AA, Kubo K, Torres NP,
LeBlanc MA, Andrusiak K, Okamoto R, Yoshimura M, DeRango-Adem E,
van Leeuwen J, Shirahige K, Baryshnikova A, Brown GW, Hirano H,
Costanzo M, Andrews B, Ohya Y, Osada H, Yoshida M, Myers CL, Boone C.
2017. Functional annotation of chemical libraries across diverse biological
processes. Nat Chem Biol 13:982-993. https://doi.org/10.1038/nchembio
.2436.

. Mao X, Hu Y, Liang C, Lu C. 2002. MET3 promoter: a tightly regulated pro-

moter and its application in construction of conditional lethal strain. Curr
Microbiol 45:37-40. https://doi.org/10.1007/500284-001-0046-0.

. KimY, Lovell S, Tiew KC, Mandadapu SR, Alliston KR, Battaile KP, Groutas WC,

Chang KO. 2012. Broad-spectrum antivirals against 3C or 3C-like proteases of
picornaviruses, noroviruses, and coronaviruses. J Virol 86:11754-11762.
https://doi.org/10.1128/JV1.01348-12.

. Pedersen NC, Kim Y, Liu H, Galasiti Kankanamalage AC, Eckstrand C,

Groutas WC, Bannasch M, Meadows JM, Chang KO. 2018. Efficacy of a
3C-like protease inhibitor in treating various forms of acquired feline
infectious peritonitis. J Fel Med Surg 20:378-392. https://doi.org/10
.1177/1098612X17729626.

Hung HC, Ke YY, Huang SY, Huang PN, Kung YA, Chang TY, Yen KJ, Peng
TT, Chang SE, Huang CT, Tsai YR, Wu SH, Lee SJ, Lin JH, Liu BS, Sung WC,
Shih SR, Chen CT, Hsu JT. 2020. Discovery of M protease inhibitors
encoded by SARS-CoV-2. Antimicrob Agents Chemother 64:€00872-20.
https://doi.org/10.1128/AAC.00872-20.

Vuong W, Khan MB, Fischer C, Arutyunova E, Lamer T, Shields J, Saffran
HA, McKay RT, van Belkum MJ, Joyce MA, Young HS, Tyrrell DL, Vederas
JC, Lemieux MJ. 2020. Feline coronavirus drug inhibits the main protease
of SARS-CoV-2 and blocks virus replication. Nat Commun 11:4282.
https://doi.org/10.1038/s41467-020-18096-2.

Ful, Ye F, Feng Y, Yu F, Wang Q, Wu Y, Zhao C, Sun H, Huang B, Niu P,
Song H, Shi'Y, Li X, Tan W, Qi J, Gao GF. 2020. Both boceprevir and GC376
efficaciously inhibit SARS-CoV-2 by targeting its main protease. Nat Com-
mun 11:4417. https://doi.org/10.1038/541467-020-18233-x.

Bilsland E, Sparkes A, Williams K, Moss HJ, de Clare M, Pir P, Rowland J,
Aubrey W, Pateman R, Young M, Carrington M, King RD, Oliver SG. 2013.
Yeast-based automated high-throughput screens to identify anti-para-
sitic lead compounds. Open Biol 3:120158. https://doi.org/10.1098/rsob
.120158.

Jin Z, Du X, Xu Y, Deng Y, Liu M, Zhao Y, Zhang B, Li X, Zhang L, Peng C,
Duan'Y, Yu J, Wang L, Yang K, Liu F, Jiang R, Yang X, You T, Liu X, Yang X, Bai
F, Liu H, Liu X, Guddat LW, Xu W, Xiao G, Qin C, Shi Z, Jiang H, Rao Z, Yang H.
2020. Structure of M(pro) from SARS-CoV-2 and discovery of its inhibitors.
Nature 582:289-293. https://doi.org/10.1038/541586-020-2223-y.
Ghahremanpour MM, Tirado-Rives J, Deshmukh M, Ippolito JA, Zhang
CH, Cabeza de Vaca |, Liosi ME, Anderson KS, Jorgensen WL. 2020. Iden-
tification of 14 known drugs as inhibitors of the main protease of
SARS-CoV-2. ACS Med Chem Lett 11:2526-2533. https://doi.org/10
.1021/acsmedchemlett.0c00521.

van de Sand L, Bormann M, Alt M, Schipper L, Heilingloh CS, Steinmann E,
Todt D, Dittmer U, Elsner C, Witzke O, Krawczyk A. 2021. Glycyrrhizin
effectively inhibits SARS-CoV-2 replication by inhibiting the viral main
protease. Viruses 13:609. https://doi.org/10.3390/v13040609.

Koudelka T, Boger J, Henkel A, Schonherr R, Krantz S, Fuchs S, Rodriguez
E, Redecke L, Tholey A. 2021. N-Terminomics for the identification of in
vitro substrates and cleavage site specificity of the SARS-CoV-2 main pro-
tease. Proteomics 21:2000246.

msystems.asm.org 10


https://doi.org/10.1016/j.antiviral.2014.12.015
https://doi.org/10.1016/j.antiviral.2014.12.015
https://doi.org/10.1016/j.coviro.2014.06.002
https://doi.org/10.1016/j.coviro.2014.06.002
https://doi.org/10.1021/jm0603926
https://doi.org/10.1016/j.bmcl.2020.127377
https://doi.org/10.1016/j.bmcl.2020.127377
https://doi.org/10.1126/science.abb3405
https://doi.org/10.3390/ijms21093099
https://doi.org/10.1021/acsptsci.0c00130
https://doi.org/10.1016/j.jviromet.2013.08.019
https://doi.org/10.1371/journal.pone.0028479
https://doi.org/10.1016/j.antiviral.2014.02.002
https://doi.org/10.1016/S1097-2765(03)00402-7
https://doi.org/10.1073/pnas.93.12.6059
https://doi.org/10.1128/AEM.00364-12
https://doi.org/10.1002/(SICI)1097-0061(199707)13:9%3c837::AID-YEA145%3e3.0.CO;2-T
https://doi.org/10.1002/(SICI)1097-0061(199707)13:9%3c837::AID-YEA145%3e3.0.CO;2-T
https://doi.org/10.1038/nchembio.2436
https://doi.org/10.1038/nchembio.2436
https://doi.org/10.1007/s00284-001-0046-0
https://doi.org/10.1128/JVI.01348-12
https://doi.org/10.1177/1098612X17729626
https://doi.org/10.1177/1098612X17729626
https://doi.org/10.1128/AAC.00872-20
https://doi.org/10.1038/s41467-020-18096-2
https://doi.org/10.1038/s41467-020-18233-x
https://doi.org/10.1098/rsob.120158
https://doi.org/10.1098/rsob.120158
https://doi.org/10.1038/s41586-020-2223-y
https://doi.org/10.1021/acsmedchemlett.0c00521
https://doi.org/10.1021/acsmedchemlett.0c00521
https://doi.org/10.3390/v13040609
https://msystems.asm.org

Genetic Protease Inhibitor Trap

28. Cacace E, Kritikos G, Typas A. 2017. Chemical genetics in drug discovery.
Curr Opin Sys Biol 4:35-42. https://doi.org/10.1016/j.coisb.2017.05.020.

29. Suzuki Y, St Onge RP, Mani R, King OD, Heilbut A, Labunskyy VM, Chen W,
Pham L, Zhang LV, Tong AH, Nislow C, Giaever G, Gladyshev VN, Vidal M,
Schow P, Lehar J, Roth FP. 2011. Knocking out multigene redundancies
via cycles of sexual assortment and fluorescence selection. Nat Methods
8:159-164. https://doi.org/10.1038/nmeth.1550.

30. Bilsland E, Bean DM, Devaney E, Oliver SG. 2016. Yeast-based high-
throughput screens to identify novel compounds active against Brugia

November/December 2021 Volume 6 Issue6 e01087-21

31.

32.

mSystems’

malayi. PLoS Negl Trop Dis 10:e0004401. https://doi.org/10.1371/journal
.pntd.0004401.

Bilsland E, van Vliet L, Williams K, Feltham J, Carrasco MP, Fotoran WL,
Cubillos EFG, Wunderlich G, Gretli M, Hollfelder F, Jackson V, King RD,
Oliver SG. 2018. Plasmodium dihydrofolate reductase is a second enzyme
target for the antimalarial action of triclosan. Sci Rep 8:1038. https://doi
.0rg/10.1038/541598-018-19549-x.

Kassir Y, Rubin-Bejerano |, Mandel-Gutfreund Y. 2006. The Saccharomyces
cerevisiae GSK-3 beta homologs. Curr Drug Targets 7:1455-1465. https://
doi.org/10.2174/1389450110607011455.

msystems.asm.org 11


https://doi.org/10.1016/j.coisb.2017.05.020
https://doi.org/10.1038/nmeth.1550
https://doi.org/10.1371/journal.pntd.0004401
https://doi.org/10.1371/journal.pntd.0004401
https://doi.org/10.1038/s41598-018-19549-x
https://doi.org/10.1038/s41598-018-19549-x
https://doi.org/10.2174/1389450110607011455
https://doi.org/10.2174/1389450110607011455
https://msystems.asm.org

	RESULTS
	Construction of a genetic trap in yeast.
	Responsiveness of engineered strains to the GC376 protease inhibitor.
	Measuring impact of candidate protease inhibitors on strains using a fluorescence readout.

	DISCUSSION
	MATERIALS AND METHODS
	Construction of plasmids and yeast strains.
	Candidate protease inhibitor compounds.
	Culture conditions.
	Phenotypic analysis in Bioscreen.
	Phenotypic analysis in robot Eve.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENT
	REFERENCES

